Laboratory findings on the reactions of ash from solid municipal waste from aluminium-containing packages of typical food products indicate that the thermodynamic conditions in landfills and the metabolism of various bacterial strains lead to the formation of biomethane. In addition, laboratory measurements have shown that one kilogram of the waste ashes monitored generates 182 l of methane on average, which considering its relative radiation power corresponds to 9.0 kg of burnt brown coal. This implies the substantial influence of the resulting biomethane on the greenhouse effect when these waste ashes are landfilled.
Introduction
The current status of waste utilization worldwide, while respecting its composition, also includes depositing it on landfills. Two types of waste are deposited in landfills: biodegradable and nonbiodegradable. Biodegradable materials can be decomposed by microorganisms under anaerobic or aerobic conditions. They include food-production waste, leftovers from meat and fish processing, waste from kitchens and restaurants, from the sale of food, garden waste, paper packaging, cotton materials, municipal waste, etc.
For assessing the possible amount of landfill and reactor biogas generated from biodegradable waste, an entire range of models derived from both theoretical and practical knowledge are applied [1] . The formation of biogas from the inorganic part of municipal and industrial waste or their ashes is not mentioned in the available literature.
Municipal waste is significantly dominated by aluminium-containing materials. Because of the character and weight of these small objects, it is not economically advantageous to sort and recycle them now. Therefore, these waste components are landfilled. Their incineration in the form of solid alternative fuels in conventional furnaces or power plants, where the temperature does not exceed 1,000°C, does not solve this problem, because aluminium is not oxidised there. In addition, when the solid energy by-products formed here come in touch with water, their basicity causes the separation of hydrogen.
From the presented results it is obvious that the solid by-products generated by the combustion of wastes containing aluminum cannot be stored in exhausted coal mines.
Municipal Solid Waste Storage and Methane Formation
A non-negligible part of solid municipal waste is currently stored at landfills, with only a part being incinerated to utilise its energy content. Waste disposal by either incineration or co-combustion with coal or biomass in boilers yields solid energy by-products. The thermodynamic conditions in these furnaces, however, are not sufficient for the complete oxidation of aluminium from the aluminium composites from waste package products to aluminium (III) oxide. Aluminium passes here into solid by-products in the form of metallic aluminium. This is confirmed by the thermogravimetric curves obtained by heating different model packaging materials up to 1,000ºC [2] . At these temperatures, aluminium does not yet oxidise to aluminium (III) oxide.
Along with the aforementioned substances, byproducts formed during the combustion of coal or alternative fuels or during the co-combustion of coal and biomass are deposited in the landfills. These are fly ashes, trapped in filters or devices reducing the emissions of particulate matter from combustion products or bottom ash and slag.
These substances, which are now mostly deposited in landfills, are mainly monitored with respect to their chemical composition and leachate properties. Because of their composition, the leachates have pH≥9 (at pH 6.0-6.5, acetotrophic methanogenesis takes place to produce methane and carbon dioxide) [3] . Aluminium content is not monitored.
The issue discussed is illustrated on the data provided in Table 1 , acquired through x-ray fluorescence (XRF spectrometer ARL 9 400 XP) analysis for energy by-products of the combustion of brown coal, biomass and solid alternative fuel on the basis of municipal waste [4, 5] .
It is evident from Table 1 that the total content of alkaline (sodium, potassium and calcium) oxides is considerably higher in biomass ash than in coal ash. Therefore, also their leachates are more alkaline, especially when the ashes contain, besides oxides, also free lime (CaO) and a number of encapsulating oxides, undergoing volume-expansion reactions diffusion of water into these ash particles [5] . The same applies to the ash from the combustion of solid alternative fuels.
The stability of aluminum in the co-incineration of different types of waste in fluidized bed boilers is evident from x-ray diffractometry analysis (XRD -diffractometer Pananalytical X Pert Pro) of the by-products shown in Table 2 . Aluminum does not significantly participate in the reactions of inorganic materials in the generation of solid by-products.
The hydration of alkaline oxides in landfills leads to the formation of hydroxides, which subsequently react with aluminium to form hydrogen and soluble hydroxo complexes, e.g. according to the Equations [6]: (1)
The hydroxo complexes further decompose into hydroxides [6] :
…which can react again according to Equations (1) and (2).
The release of free CaO from the secondary energy products of desulphurization of the flue gas by the dry method and its activity in the formation of hydrogen in landfills is described in the following equations.
In the first stage, calcium sulfate forms a dihydrate. It dissolves, thereby releasing free CaO. The free CaO reacts further with water to form a hydroxide, which reacts with aluminum with reactions (5) and (6) [6]:
Reactions (5) and (6) precede the long-time dissolution of CaSO 4 , and therefore the release of hydrogen is relatively long in this case.
The hydrogen generated in reactions (1) and (2) can then be involved in the extensive landfill biosynthesis process schematically depicted in Fig. 1 , an inseparable product of which is biomethane according to Equation [7] :
The rates of all the reactions above increase with temperature, which is also the case in landfills, where the temperature often exceeds 50ºC. The optimal temperature for hydrogenotrophic methanogens is 60ºC [8] .
The metabolism of methanogenic populations depends on a series of factors such as the amount of oxygen in the environment, temperature, humidity, the sources and structure of organic carbonaceous substances, the sources of energy, symbiosis with other (in particular acidogenic) bacteria, pH, the presence of toxic compounds, NH 3 quantity, etc. [9] [10] [11] [12] [13] . According to Bryant [14] , these processes involve mainly three genera of methanogens: methanobacterium, methanosarcina and methanococcus. Unless the landfill gas containing methane is collected, it is emitted into the atmosphere. For the sake of simplification, the methanotrophic and oxidation processes that take place in the upper part of a landfill site, i.e., in the landfill cover soil, will be neglected below.
Methane is a major atmospheric pollutant with a more potent greenhouse effect than carbon dioxide. The relative radiative effect of methane is 34 times stronger than that of carbon dioxide [15] .
It can thus be stated based on Equation (7) that, instead of CO 2 , mostly formed through bio substance degradation, the process leads to the release of methane, whose greenhouse effect is much stronger.
Experimental

Sample Characterization
From the aluminium-containing municipal waste monitored (whose ashes were analysed by x-ray fluorescence), 10 typical food-packaging categories were chosen, including cheese, coffee, candy, medicine, butter, wafer, spray, yogurt and heavy cream packaging, and wine and liquor caps. Each of the categories contained at least four different packaging types of the given product. These samples were subsequently incinerated in a muffle furnace at a temperature of 1,000°C in order to simulate waste combustion in municipal waste incineration plants. In order to clarify and increase the impact of the experimental results acquired, the average values of each category are discussed below. Using x-ray diffractometry and spectrometry, it was found that the analysed ashes contained aluminum; other metals were not identified.
Analytical Method
The captured gas from the laboratory measurement was pumped to the HP 7890A gas chromatograph dispensing loop with a volume of 0.25 cm 3 . This gas chromatograph contained two detectors: plate ionization (FID) and thermal conductivity (TCD). A total of four chromatographic columns were used for analysis. The pre-column consisted of an HP Haysep Q 80/100 mesh packing column. The capillary column RT-Alumina 0.53 mm in diameter and 50 m in length was used to separate the hydrocarbons. HP Pora Plot Q capillary columns 0.53 mm in diameter and 30 m length were used to separate the permanent gases, HP Mol Sieves 5A Capillary Column with a diameter of 0.53 mm and a length of 30 m. Detectors were heated to 250ºC (FID) and 210ºC (TCD). The measured results were evaluated by the integration method.
Methane Formation Modelling
For the illustration and more detailed explanation of the reactions of ash from aluminium-containing solid municipal waste in landfills, a model study was conducted based on 10 categories of selected packaging made of aluminium composite materials that are commonly disposed of in municipal waste containers (see Table 3 ).
The packaged ash samples were weighed and inserted into the model apparatus shown in Fig. 2 . They were decomposed using a solution containing potassium hydroxide in the molar concentration of 0.1 mol/l. The formed gas -hydrogen (analysed via gas chromatography coupled with mass spectrometry detection) -was collected in calibrated containers of different sizes, depending on the weight of the waste inserted. All the tested samples underwent fully the reaction within 24 hours.
In order to determine the influence of temperature on the generation of hydrogen from landfill waste, the individual types of waste from which hydrogen was produced slowly at room temperature were subjected to the same process at 60ºC, which is the temperature measured at landfill sites [16] . In all the cases studied, the formation of hydrogen was substantial and even several times higher than at room temperature.
The experimental results are given in the following tables, including the recorded volume of the hydrogen produced, and the calculated volume of the methane that would be formed from the particular volume of hydrogen due to bacterial activity in a landfill site (see Table 3 ). The model calculation assumed 100% conversion of hydrogen to methane. Table 4 contains these data calculated for 1 kg of the same waste. So that it would be possible to compare the influence of anthropogenic emissions of methane with carbon dioxide released during brown-coal combustion, Table 4 also shows the equivalent amount based on the weight of the incinerated wet brown coal (22 wt. % of water, 25 wt. % of ash, 50 wt. % of carbon in the combustible) in a local furnace.
Results and Discussion
Hydrogen formation resulting from the reaction of the ash from aluminium-containing municipal waste stored in landfill sites with alkaline leachates has been experimentally confirmed. The hydrogen generated from the food packages monitored (see Table 3 ), which form a common part of solid communal waste, is thus an important methane precursor. Among the food packages compared, the highest amount of hydrogen was generated by the spray category, followed by the liquor caps. The smallest amount of hydrogen in landfills was generated by coffee packages.
Conclusions
The theoretical and experimental knowledge acquired indicates that one of the abiogenic/biogenic processes taking place in landfill sites with ashes from aluminium-containing waste is the formation of methane, which is the basic component of landfill biogas. During these processes, aluminium functions as a source of hydrogen, which is subsequently transformed into methane through the effect of methanogenic bacteria from the bacterial activities of the formed carbon dioxide. In landfill sites without sufficient gas extraction, the methane is freely released into the atmosphere. Based on the relationship between the radiation effect of methane and the relative radiation effect of carbon dioxide, it is possible to determine the influence of the landfilling of aluminium-containing waste on the greenhouse effect.
The average amount of carbon dioxide formed from 1 kg of the monitored waste incineration ash was ca 6,185 l, i.e., 141 g. One average kilogram of the types of waste studied thus corresponds its carbon dioxide emission to 9 kg of typical wet brown coal combusted in a local furnace.
The current knowledge of methane formation in landfill sites can hence be augmented by a new abiogenic source, namely aluminium-containing inorganic materials.
The relative absorption effect of the greenhouse gases produced by human activity can thus be complemented by methane formed from the ashes of common aluminium-containing food packages deposited in landfill sites.
The results of the experiments show that in order to reduce the negative impacts of the monitored waste it is necessary to ensure the separation of the aluminum materials and the removal of the waste gases and subsequently to utilize their energy content.
